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The aims of this study were to develop an improved method using infrasound observations at multiple seismo-
acoustic arrays for locating small-magnitude surface explosions at regional distances and to apply the method
to ground-truth blasting events for validation. The location method is based on a nonlinear grid search using
the travel times and back azimuths of infrasonic signals generated from the surface explosions and on seismic
parameters that are independently determined by routine seismic monitoring systems. Speciﬁcally, the method
utilizes wind-corrected infrasonic azimuths in grid searching to constrain the grids according to nearness to
feasibly real observations. Ground-truth events were recorded by a seismo-acoustic station temporarily operated
inside an open-pit mine and then used to investigate the improvement by the location method. The method
improved the locating of ground-truth events by approximately 50% compared to the seismic location results.
Surface explosions generating both seismic and infrasonic signals could be located independently by the seismic
location, infrasonic-azimuth intersection, and seismo-acoustic location method, respectively. This method can be
applied to automatic seismic/infrasonic monitoring systems as an additional location tool for explosion-induced
seismic events, allowing for simultaneous monitoring for surface explosions and reduced risk of false location
results.
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1. Introduction
Infrasound observation has recently been widely applied
to clarify natural and anthropogenic phenomena producing
low-frequency acoustics in the atmosphere, such as ground-
coupled air waves from large earthquakes (Le Pichon et
al., 2003; Watada et al., 2006), large bolides (P. G. Brown
et al., 2002), and infrasound from accidental explosions
(Evers and Haak, 2007). Infrasound technology is also
important for monitoring possible nuclear explosions in the
framework of the Comprehensive Nuclear-Test-Ban Treaty
(Bedard and Georges, 2000).
One use of infrasound monitoring is to distinguish
near-surface explosions from earthquakes. For example,
the Korea Institute of Geoscience and Mineral Resources
(KIGAM) operates multiple seismo-acoustic (infrasound)
arrays with which it has identiﬁed 10% of the total num-
ber of seismic events (∼3,000 per year) occurring on the
Korean Peninsula as surface explosions. Most of these
explosions are concentrated in several epicentral regions.
Field surveys conﬁrmed that some epicenters in South Ko-
rea were at rock quarries, open-pit limestone mines, and
construction sites (Che et al., 2002). Such discrimination
of surface explosions has been an important tool for esti-
mating the natural seismicity of speciﬁc regions.
Although infrasound observations can be used to dis-
criminate anthropogenic explosions from natural events, the
localization of explosion sources using only infrasound data
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is not well developed compared to the conventional seismo-
logical location method mainly because infrasound propa-
gation is strongly affected by dynamic atmospheric condi-
tions. A common and easily used infrasonic source location
method involves intersecting wind-corrected back azimuths
measured at multiple infrasound arrays. However, the lo-
cation result is expected to contain error. A more advanced
infrasonic source location method using ground-coupled air
waves from strong earthquakes (Le Pichon et al., 2003) is
based on solving the inverse problem with a celerity model
and apparent horizontal phase velocity. A known earth-
quake’s origin time and epicenter coordinates make it pos-
sible to reﬁne the localization of the source regions with
the measured azimuth and slowness variation in infrasonic
signals. However, the inverse procedure is only effective
when realistic atmospheric proﬁles are available for a spe-
ciﬁc time and region so as to constrain the infrasonic phases
and celerity. Therefore, this method is not appropriate for
handling large numbers of events occurring in different ar-
eas and times, especially via an automatic process, if realis-
tic atmospheric models are not available.
Modern seismological monitoring systems are gradually
realizing lower detection thresholds that can detect small-
magnitude seismic events; such systems routinely produce
large volumes of seismic reviews in real time. However,
the location accuracy of small-magnitude seismic events is
uncertain due to the low signal-to-noise ratio (SNR) and
relatively small number of seismic observations.
The study reported here presents an improved location
method for small-magnitude surface explosions that gener-
ate both seismic and infrasonic signals. The method makes
full use of the seismic parameters of the explosions and
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infrasonic estimations of travel times and azimuths. To
assess the performance of the method, we collected data
on ground-truth events by operating a temporary seismo-
acoustic station inside an open-pit limestone mine, one of
the most active regions generating both seismic and infra-
sonic signals in South Korea. Finally, we compared the lo-
cation result with locations given by the seismological cat-
alog, the infrasonic-azimuth intersection method, and the
ground-truth information.
2. Collection of Ground-truth Events
Surface blasting activities at industrial mines are good
examples of point sources producing impulsive infrasonic
signals, where well-deﬁned blasting information can be uti-
lized to study characteristics of infrasound propagation in
the atmosphere and to verify the infrasonic source location
method. Figure 1(a) shows the locations of several seis-
mic stations and seismo-acoustic arrays (BRDAR, CHNAR,
KSGAR, KMPAR, and TJIAR) in South Korea. Figure 1(b)
illustrates the distribution of seismic events around the east-
ern coast of South Korea from 2005 to 2006. Although
the seismic magnitudes were generally ML 2.0 or lower,
more than 900 events were reviewed by the Korea Earth-
quake Monitoring System (KEMS) during this period. Of
all the events, those followed by distinct infrasonic signals
detected by infrasound arrays could be deﬁnitely discrim-
inated as surface explosions, not earthquakes; the former
events are marked by yellow circles in the ﬁgure.
From a ﬁeld survey, we identiﬁed a large open-pit lime-
stone mine in the scattered distribution of these seismic
events. This mine blasted several tons of explosives nearly
every day and could be considered to be an infrasonic bell
because many infrasonic signals from the mine have been
recorded at the seismo-acoustic arrays since their initial in-
stallation. We thus inferred that other unclassiﬁed seismic
events (white circles) around the mine location might be
related to the blasting activities of the mine. We also con-
cluded that the scattered distribution of seismic locations
around the mine was related to seismic location errors re-
sulting from the analysis of low SNR seismic data reﬂect-
ing the sparse and narrow-azimuth distribution of seismic
stations.
To collect ground-truth events at the mine, a temporary
seismo-acoustic station was deployed approximately 300 m
in front of the blasting point during July and August 2006.
A three-component seismometer (CMG-40T1) and Cha-
parral M2 acoustic sensor were used to record near-ﬁeld
seismic and acoustic signals. The acoustic sensor was con-
nected to a wind-noise reducer consisting of eight porous
hoses in a radial pattern, approximately 16 m in diameter.
Seismic and acoustic data were digitized at 100 samples per
second. Horizontal distances from the blasting point to the
seismo-acoustic arrays ranged from 128.2 to 383.8 km.
During 46 days of sensor operation, the mine conducted
61 blastings, all delay-ﬁred shots with explosive ranges of
between 0.2 and 10.1 tons. The temporary station measured
the near-ﬁeld seismic and acoustic pressure changes of the
blasts, thereby providing data to constrain the exact origin
time and blast location. The mine ofﬁce supplied yield

































Fig. 1. (a) Locations of seismo-acoustic arrays (blue stars) and seismic
stations (black triangles) near the study area, including the Korea Seis-
mic Research Station (KSRS), which is the primary seismic station of
the International Monitoring System. (b) Distribution of seismic events
and an open-pit limestone mine (H) in the study area.
could identify blasting activities of the mine from other
unknown seismic activities that occurred during the period.
To analyze infrasonic signals recorded at distant seismo-
acoustic arrays, we used the progressive multichannel cor-
relation (PMCC) method (Cansi, 1995) to identify coherent
signals and estimate their wave parameters, such as back
azimuth, apparent velocity, and arrival time (calculated by
WinPMCC v2.1 with the following parameters: window
length of 20 s, frequency band in 1–5 Hz). A search for
an infrasound arrival was triggered by the seismic origin
time within a broad range of infrasound phase velocities of
250–400 m/s. If the calculated azimuth of the infrasonic
signal corresponded to the seismic epicenter of the blast-
ing, then the infrasonic signals could be associated with
the blast. Association between seismic and infrasonic sig-
nals was veriﬁed based on an acceptable arrival-time differ-
ence and back-azimuth difference within ±10◦. The back-
azimuth difference resulted from the resolution of the small
infrasonic array and deﬂection by cross winds (Che et al.,
2002). Of the 61 total blasts, infrasonic signals from 50
blasts were detected by at least one of the distant infrasound
arrays, and infrasound from 27 blasts were detected by at
least two arrays. In contrast, 36 blasts were seismologically
detected as small-magnitude seismic events (∼1.3ML) by
the KEMS. From the seismic and infrasonic detections, we
selected 21 blasts for application of the seismo-acoustic lo-
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cation method described in the following section. These
blasts were those detected by at least two infrasound arrays
and the KEMS as seismic events.
3. Result of the Seismo-acoustic Location Method
A nonlinear grid-search method was applied to ﬁnd the
source location; the grid search was based on the observed
travel times and azimuths of infrasonic signals at distant
multiple arrays and on the seismic parameter that includes
origin time and epicenter coordinate for a surface explosion
reported in the seismological catalog. The minimization












where n is the number of arrays detecting an infrasonic sig-
nal from a blasting, di is the horizontal distance from a grid
(x) to the i th array, v is the horizontal velocity of infrasound
(celerity), and ti is the observed travel time to the i th ar-
ray. Di is a normal distance from a grid point to the back-
azimuth line of the i th array. This metric term is included to
penalize grid points located away from the wind-corrected
infrasonic back azimuth according to nearness (distance) to
the real observation. C is a constant for weighting the sec-
ond term in the equation relative to the travel-time residuals
term. In the calculation, we ﬁrst set grids (∼1 km) cen-
tered on the epicenter coordinate issued by the KEMS. At
each grid node, predicted travel times to arrays were cal-
culated by assuming a certain celerity value; these travel
times were then compared with observed travel times (ti )
measured from the seismic origin time to the initial pulse
of infrasonic signals at arrays. The ﬁnal location was deter-
mined with the minimum residual estimated using celerities
varying from 0.23 to 0.31 km/s, a range that covers strato-
spheric (Is) and thermospheric (It) infrasound phases (D. J.
Brown et al., 2002).
Figure 2(a) shows an example of infrasonic waveforms
recorded at the distant seismo-acoustic arrays generated
from a 6 ton delay-ﬁred shot at the mine. For this blast, all
ﬁve seismo-acoustic arrays detected associated infrasonic
signals, marked by yellow rectangles in the ﬁgure. The
bottom two waveforms are near-ﬁeld seismic and acous-
tic signals recorded at the temporary station. Figure 2(b)
shows three locations for the blast obtained by the seis-
mic location, infrasonic-azimuth intersection, and seismo-
acoustic location methods. The red star indicates the ex-
act source point, and the white circle is the seismic loca-
tion determined by the KEMS. White lines indicate in-
frasonic back azimuths calculated by PMCC at each ar-
ray. The back azimuths were wind-corrected by empiri-
cal atmospheric models, HWM93/MSISE90, with the ray-
tracing method (Garce´s et al., 1998). Simply, intersection
points from pairs of these azimuth lines could be estimated
as sound source locations. To determine the most probable
location, all intersections were weighted by the sine of the
angle of intersection, and then a weighted average position
for the most probable location for the event was determined
(P. G. Brown et al., 2002) and plotted as a yellow circle.
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Fig. 2. (a) Infrasonic signals from 6 tons of ripple-ﬁring shot, recorded at
ﬁve distant infrasound arrays and near-ﬁeld seismic (ACE3/HHZ) and
acoustic (ACE3/BDF) signals. (b) Three location results and the exact
mine location.
the grid-search method. For this event, the location differ-
ence of the seismo-acoustic location was 5.1 km, which is
slightly smaller than differences for other locations.
The seismo-acoustic location method was then applied
to the 21 ground-truth events detected by the KEMS and by
multiple infrasound arrays. Figure 3 summarizes the loca-
tion results for these events using the three different location
methods with the 90% conﬁdence ellipse included for each
method. The seismo-acoustic location had a mean location
error of 5.7 km, which represents a substantial improvement
in location accuracy of 58.7% and 46.7% compared to the
seismic location and infrasonic-azimuth intersection meth-
ods, respectively. In addition, the seismo-acoustic location
method resulted in more concentrative distribution of loca-
tions into a source than other methods. The method ob-
tained the best results when the constant C (interval of 0.1–
1.0) was 0.4, as shown in Fig. 3. When C increased, the re-
sults resembled those of the infrasonic-azimuth intersection
method. In contrast, when C equaled 0.0, grid searching
involved only the use of travel-time residuals, and the mean
location error was 12.4 km.
In most cases of routine data processing, the KEMS uses
data from the array KSRS supplemented with data from
nearby seismic stations to locate the events. Since the KSRS
is located about 96 km west of the mine shown in Fig. 1(a), a
relatively large east-west uncertainty occurred in the event
locations, as depicted in Fig. 3, due to picking errors for
surface waves (Lg) in low SNR waveforms; this resulted









Infrasonic-azimuth intersection  10.7 km
Seismo-acoustic location                5.7 km 
Mine location
KEMS location                             13.8 km  
Confidence ellipse (90%)
Fig. 3. Location results by the three methods for 21 ground-truth events.
in large distance errors in that direction. In the infrasonic-
azimuth intersection method, since probable locations were
determined by a small number of azimuth lines mostly from
two to three arrays, several events determined using poor
azimuths showed large location errors. In addition, these
locations were aligned in a northwest to southeast direc-
tion because most arrays were northwest of the mine, even
though the azimuths were corrected for wind effect normal
to the infrasound propagation. Deﬂection degrees by the
cross winds were calculated within −1.9◦ to 2.7◦ depend-
ing on the events and arrays.
4. Conclusions
A nonlinear grid-search method was used to improve the
determination of surface explosion locations using infra-
sound records from seismo-acoustic arrays of several hun-
dred kilometers. In addition to applying travel-times resid-
uals, the method also used observed infrasonic azimuths to
penalize grids according to nearness to the observations.
Application of the method to ground-truth events showed
that the method reduced location errors by about 50% com-
pared to the routine seismic monitoring system and simple
infrasonic-azimuth intersection method. This improvement
can be explained by the “impulsive” arrival characteristic
of infrasound and because infrasound waves are approxi-
mately 12–22 times slower than regional seismic waves (Pg
and Lg). Thus, for the ground-truth events, the resulting
travel-time differences scaled by slowness among impulsive
infrasonic signals were smaller than those among seismic
phases within low SNR, even though the travel time of in-
frasound might be affected by real sound velocity structures
in the atmosphere. In general, the seismic location is more
reliable than the location obtained by the seismo-acoustic
method, if prepared with sufﬁcient seismic data. However,
in the case of small-magnitude surface explosions generat-
ing a weak seismic signal but impulsive infrasonic signal,
the infrasonic location is comparable to the seismic loca-
tion, or at least can help assess the result of the seismic
location method. For instance, although the number of seis-
mic stations used for each seismic location in KEMS was
not exactly proportional to location accuracy, at least ﬁve
seismic stations were needed for the location result compa-
rable to the seismo-acoustic location under the distribution
of seismic stations. Thus, we propose that this method can
be applied to integrated seismic/infrasonic monitoring sys-
tems for small-magnitude surface explosions.
To obtain the seismo-acoustic location, the calculation
procedure involved successive searching of varying celer-
ity values, which were assumed to be equal value for all
the arrays. Optimum locations were found with the celer-
ity range of 275–305 m/s, but we experimentally mea-
sured a real celerity range of 287–293 m/s based on the
ground-truth information. These calculated and real celer-
ity ranges strongly indicate that infrasonic signals from the
blastings propagated as stratospheric phases (D. J. Brown et
al., 2002) to all arrays located within regional distances.
This experiment was conducted during the summer.
Thus, the real celerity range (287–293 m/s) can be used
as the initial value in the grid search for future applica-
tions. The real celerity, however, may vary by season; in
particular, the season-dependent sound velocity in the atmo-
sphere might cause a slower celerity in winter. Therefore, a
long-term experiment covering all seasons at the mine will
help clarify the seasonal variation of celerity in the midlati-
tude Northern Hemisphere, including the Korean Peninsula.
This information will allow for the seismo-acoustic location
method to be used in different seasons. In addition, a celer-
ity dataset can be used with meteorological data to study the
effect of local atmospheric conditions on infrasound prop-
agation, such as the detectability, phase identiﬁcation, and
amplitude variation of infrasound at regional distances.
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